simplifying assumptions make it impossible to track the energy transport and conservation that are required to simulate the temperature dynamics needed to describe the waterhapor mixture flow typical for BWR applications. In Phase I we have successfully addressed and overcome the two LBM limitations described above. We developed a novel LBM approach that allows for simulation of multiphase, non-ideal fluid thermodynamics. This model includes terms that describe the non-local interactions, allowing the simulation of non-ideal fluids. It describes the fluid thermodynamics by modeling the multiphase density and fluid velocity evolution via the lattice Boltzmann method, while the temperature dynamics is computed by solving a scalar transport energy equation.
Implementation of lattice Boltzmunn algorithm with non-ideul gas equation of state
We have implemented a lattice Boltzmann algorithm that simulates non-ideal gas fluid flow.
This approach has demonstrated its ability for capturing the intrinsic phase separation physics in boiling processes involving a mixture of water and vapor. The basic lattice Boltzmann equation is given as fi ( x + ci ,t + 1) -fi (x,t) = ci (x,t) + sfi where the collision term ci ( X, t ) is the so called BGK model that determines the viscosity in terms of the relaxation time, Without the additional term sf, the momentum moment of lattice Boltzmann models of this kind gives rise to the Navier-Stokes fluid flow equations [ 19,201: where p, u' are, respectively, the fluid density and velocity. The pressure p obeys an ideal gas like equation of state, p = R&$, where To is a prescribed temperature value, and R is the universal gas constant. The resulting kinematic viscosity is determined by the relaxation parameter, Z, as v = (Z -I/ 2)T0.
One of the key developments of our Phase I work was to use the additional term sf, in equation
(1) in order to produce desired non-ideal gas properties. Generally speaking, this additional term represents a body-force. The first key observation is that a non-ideal gas equation of state i s produced if this body force term is self-consistently generated from the gradient of the local density and temperature values. Specifically, the momentum due to the additional term ( 6fE ) in (1) is explicitly constructed such that:
Here p ( /3, T ) can be in principle any arbitrary function of local density and temperature, for example the one corresponding to the classical Van der Waals equation of state or a more realistic one. The second term in (4) is used to cancel the existing ideal gas pressure in the original lattice model. As a consequence, an algorithm describing the thermodynamics of a fluid with a non-ideal gas equation of state is obtained when the evolution of the temperature distribution or an energy equation is provided. Figure 1 shows a set of graphs describing fluid density distributions at different times in a square domain resembling a cross-section of a BWR fuel assembly. Spontaneous phase separation between water and vapor phases is predicted by the new Lattice Boltzmann code developed in Phase I. Vapor bubbles (light shade) and water (dark shade) emerge out of the initial two-phase mixture as a result of infinitesimally small random density fluctuations. In time, the small vapor bubbles coalesce into ever larger size bubbles which directly describes the expected behavior of realistic fluid undergoing phase transition. To demonstrate the physics of this process, we used the Van der Waals non-ideal gas equation of state. In this case, pressure is related to the local specific volume V (Le. the inverse number density V = Up) and temperature T according to
where a and b are constant parameters which depend on the fluid being analyzed. Figure 2 and an ideal gas is that the former exhibits phase separation under certain conditions. Namely, at low enough temperature, the pressure of such a fluid is no longer a monotonically decreasing function of the specific volume so that a given pressure corresponds to more than one density value.
Consequently, a substance with an initial intermediate density will undergo a spontaneous phase separation into two immiscible phases. As shown in Figure 2 This in turn determines the temperature via e=cVT, once the heat capacity Cv is specified. The first term on the right hand side of (6) includes some effects of the latent heat, so that the temperature drops when water vaporizes as a result of v. u' >o. Equation (6) is exact as long as the heat capacity (specific heat), the pressure behavior at the interface between the two phases, as well as the thermal conductivity Kare specified. An alternative formulation which has also been explored but not implemented in Phase I involves the enthalpy equation,
One motivation for this alternative is that, unlike the first term on the right hand side of (6) which is highly discontinuous across interfaces due to density jumps, the pressure distribution (and its functional dependencies) is continuous. A smoother quantity is always more desirable to deal with numerically. Furthermore, the enthalpy equation in the above differential form more accurately describes the physics of multiphase flows than the internal energy equation.
However, the enthalpy equation requires more careful consideration with respect to the treatment of the pressure time derivatives.
In Phase I we conducted extensive study and testing of numerical schemes for numerical solution of these generalized energy equations in the context of multiphase flow. The best candidate proved to be the extended Lax-Wandroff Znd order finite difference scheme that has been formulated and implemented in the final software versions [27] . The high accuracy and stability of this method is illustrated in the simulation with the geometry presented in Figures 3-4 . The results are presented in detail in Section 3.
Section 2. Implementation of the software protocol
The fundamental algorithm formulated above has been implemented on several computational platforms. In order to simulate non-trivial flow scenarios relevant to boiling water reactor applications, a wide range of boundary condition physics has been investigated and algorithmically developed. These include three essential ingredients:
1) Inlet and outlet conditions: As proven by numerous tests, appropriate boundary conditions are crucial for faithful simulation of multiphase flows. Keeping in mind of BWR applications, we have experimented with various conditions for channel flows. We found it to be most desirable to use for the inlet the specified velocity, density, and temperature boundary condition, while the outlet is based on free flow conditions and consistent with the overall mass flux conservation. The particular boundary conditions that have been successfully used in this Phase I research is to apply outlet boundary conditions corresponding to zero normal derivatives of both density and temperature, while specifying the fluid velocity according to the mass flux value at the inlet.
2) Thermal boundary conditions at the solid surface: In order to simulate thermal walls, we have developed an algorithm for heat transfer at the wall that either can specify a heat flux or a prescribed wall temperature. This algorithm is shown to be stable and capable of handling arbitrary geometries and shapes. (Figures 3-4 The reason is that the degree of wetting of water phase at the boundary makes a real difference even for relatively simple multiphase channel flows. If the surface is wetting for water, then vapor bubbles are more likely to detach from the surface and water is more likely to layer along the solid surface. Consequently, we have discovered that the resulting heating rate of the flow is strongly affected by the choice of the wetting property. In addition to these essential processes on the wall, we also have developed and implemented an algorithm for simulating seeds of vapor nuclei via imposing certain random density fluctuation near wall. This allows for significantly enhanced vaporization at the heated solid surface, similar to what is happening in reality.
Section 3. Simulation results and validation of fundamental physics
The software protocol described above has allowed us to perform a series of simulations of prototype BWR multiphase flow with the goal of validating the fundamental physics and the numerical implementation. The essential results consist of two parts: 1) simulations of single phase thermal flows in complex geometries, and 2) demonstration of two phase thermohydrodynamics fundamental capabilities in a 2-D channel flow.
Prototype Nuclear Reactor Simulations
As described above, we have developed and implemented a scalar transport solver for dynamic temperature evolution, together with the implementation of the corresponding boundary condition schemes allowing for simulation of flows in a BWR fuel bundle. The domain used in this simulation represents the lower 40% of the actual fuel bundle assembly. This setup is shown in Figure 3 . This geometry was patterned after the Dresden BWR. The dimensions of 3.7 x 3.7 x 26 cubic inches correspond to the actual 5 pin x 5 pin Dresden fuel bundle. In Figures 3 and 4 , the detailed geometry of the spacers between the fuel rods is well resolved by PowerFLOW.
The choice of inlet/outlet boundary conditions for this simulation is the same as in the previous section. Specifically, the coolant flow rate at the inlet (left in Figs. 5 and 6 ) is set at 4.5ft/sec, and the temperature at 504.8"F. At the outlet, the pressure was set at 990psi. These values are typical for the normal operation regime of the BWR Dresden reactor. The overall resolution of 
Simulation of thermo-hydrodynamic phenomena involving vaporization and bubble formation
To demonstrate our novel approach for simulation of non-ideal gas flows, we computed water- Below we present computational results obtained using 265x2048 grid points. The case set up is defined as follows:
1) At the inlet, a high density and low temperature fluid (pure water phase) is injected at a fixed low speed. The velocity profile at the inlet cross section has a parabolic shape according to a fully developed channel flow.
Page 16 2) The side solid walls of the channel are no-slip, water wetting, and fixed heat flux. The heat flux value is chosen in such a way that boiling occurs in the upper part of the channel, as expected in a real BWR fuel bundle.
3) The outlet is governed by a free exit condition. That is, either water or vapor from the upper stream can exit the channel while the pressure at the outlet is self-consistently determined via the mass flux constraint based on the inlet values.
4) The equation of state used in the simulation is Van der Waals and the constant heat capacity is used for simplicity reasons. Pag,e19
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The correct implementation of the pressure expansion term in Eq. 6 was found to play an important role in modeling of the latent heat effects. Heat capacity effects are also playing an important role. We have also found that achieving sufficient size and resolution in these multiphase simulations is critical for proper modeling of the effects of statistical fluctuations.
Indeed, only at high enough resolution sufficiently small vapor bubbles can be numerically produced in the channel. In addition, it is important to attain sufficient flow rate and Reynolds numbers so that the bubbles can be washed off the wall once they are formed. In this way artificial heat supply to the vapor regions can be avoided and bubble growth and coalescence are simulated more realistically. Figures 1 1 a- the data is produced in the performance of this grant; or (2) the Grantee grants or obtains a license for the Government of the same scope as set forth in the grant; or ( 3 ) the Contracting Officer gives the Grantee written permission to do so. On this basis:
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